We theoretically investigate the unusual features of the magnetotransport in a monolayer phosphorene ferromagnetic/normal/ferromagnetic (F/N/F) hybrid structure. We find that the charge conductance can feature a minimum at parallel (P) configuration and a maximum near the antiparallel (AP) configuration of magnetization in the F/N/F structure with n-doped F and p-doped N regions and also a finite conductance in the AP configuration with the N region of n-type doping. In particular, the proposed structure exhibits giant magnetoresistance, which can be tuned to unity. This perfect switching is found to show strong robustness with respect to increasing the contact length and tuning the chemical potential of the N region with a gate voltage. We also explore the oscillatory behavior of the charge conductance or magnetoresistance in terms of the size of the N region. We further demonstrate the penetration of the spin-transfer torque into the right F region and show that, unlike graphene structure, the spin-transfer torque is very sensitive to the chemical potential of the N region as well as the exchange field of the F region.
I. INTRODUCTION
Recently, a new type of material consisting of a black phosphorus monolayer (phosphorene) has emerged as a viable candidate in the field of two-dimensional (2D) materials [1] [2] [3] . Unlike graphene which has a planar structure, phosphorene forms a puckered honeycomb structure, owing to an sp 3 hybridization with a high inplane structure anisotropy which has been affected in the optical and transport properties of phosphorene [4] [5] [6] [7] [8] [9] . Charge-carrier mobilities are very high at room temperature ∼ 10 3 cm 2 V −1 S −1 [1] and they exhibit a strongly anisotropic behavior in phosphorene-based field effect transistor with a high on/off ratio of 10 4 [2] . The band structure of few-layer black phosphorus has a direct gap, spanning a wide range in the visible spectrum from 0.8 to 2 eV [10] [11] [12] [13] [14] . The edge magnetism has been explored in different edge cutting directions [15] [16] [17] [18] [19] . The introduction of 3d transition-metal atoms induces magnetism, where the magnitude of the magnetic moment depends on the metal species and the result can be tuned by the applied strain [20] [21] [22] . Also, it is found that a spinpolarized state appears in monolayer black phosphorus by nonmagnetic impurity doping [23] . These properties make phosphorene a quite interesting 2D material for next-generation electronic and spintronic devices based on the spin degree of freedom, which are almost dissipationless unlike those based on the charge degree of freedom [24] .
The conservation of angular momenta between itinerant electrons and localized magnetization in magnetic materials leads to the fascinating concept of spin-transfer torque; the spin angular momentum of the electrons can be transferred to the magnetization via their mutual exchange coupling which enables us to derive the dynamics of magnetization by charge current. Sloncwezski and Berger were the first to theorize about the existence of this phenomenon [25, 26] . It is found to be important in all known magnetic materials and present in a variety of material structures and device geometries composed of magnetic-nonmagnetic multilayers such as magnetic tunnel junctions, spin valves, point contacts, nanopillars, and nanowires [27] . The spin current flowing into the magnetic region exerts a torque on the magnetization, if the current polarization direction is non-collinear to the local magnetization in the magnetic material. This spintransfer torque effect can cause magnetization switching for sufficiently large currents without the need for an external field. The switching aspect provides a unique opportunity to create fast-switching spin-transfer torque magnetic random access memories (STT-MRAM) [28] , with the advantage of low power consumption and better scalability over conventional MRAMs which use magnetic fields to flip the magnetization. The spin-torque oscillator is another prominent example that serves as a field generator for microwave-assisted recording of hard-disk drives [29] . Also, the spin-transfer torque leads to the spin-torque diode effect in magnetic tunnel junctions [30] . Therefore, this new discovery in condensed matter and material physics has expanded the means available to manipulate the magnetization of magnetic materials and as a result has accelerated technological development of high-performance and high density magnetic storage devices [24, 27, [31] [32] [33] . Another important quantity in this field is the tunneling magnetoresistance which occurs at ferromagnetic/normal/ferromagnetic (F/N/F) hybrid structures. The resistance of the junction is different for parallel (P) and anti-parallel (AP) magnetiozation configurations and it can be experimentally measured [34, 35] . Spin-polarized resonant tunneling has been intensely studied [36] [37] [38] because of its potential for applications in spin-transfer torque switching enhance-ment [39] , cavity polaritons using the resonant tunneling diode [40] , and in the spin-dependent resonant tunneling devices for tuning the tunneling magnetoresistance [41, 42] .
In the present work, we investigate the charge and spin transport characteristics of the monolayer phosphorene F/N/F hybrid structure in which the two F regions with noncollinear magnetization are connected through the normal segment of length L. We model our system within the scattering matrix formalism [43] . A similar study has been utilized in graphene [44, 45] and silicene [46] . Within the scattering formalism, we find that the transmission probability of an incoming electron from the spin σ band of the left F region of the F/N/F structure with P configuration of magnetization has a decreasing behavior with respect to an increase of the incidence angle, while a peak structure appears for an incomingσ-band electron in the proposed structure with small length L. We demonstrate the appearance of a peak structure with perfect transmission for the σ-band electron together with additional peaks in the transmission probability of theσ-band electron, by increasing the contact length L. However, both the incoming electrons from the σ andσ bands to the F/N/F structure with AP alignment of magnetization vectors have decreased transmission probabilities with the increase of the angle of incidence for small contact lengths and peak structures for large contact lengths.
The application of a local gate voltage to the largelength N region of the F/N/F structure leads to the amplification of transmission probability at defined angles of incidence and the attenuation of the transmission at other traveling modes in the proposed structure with the p-doped N region. The n-or p-type doping is the process of enhancing the magnitude of the Fermi energy in the conduction or valence band of the material, tuning the electron or hole charge carriers. Then, we evaluate how it is possible to control the magnitude of the charge conductance by means of a local gate voltage in the N region, and manipulating the magnetization directions of two F regions. Depending on the chemical potential of the F region µ F , the charge conductance can be suppressed away from the AP alignment of magnetization and finite at AP alignment in the n-type doped F/N/F structure. In particular, it displays a maximum near the AP configuration and a minimum at the P configuration in the corresponding structure with p-doped N region. We further demonstrate that the proposed spin valve structure exhibits a remarkably large magnetoresistance in analogy to the giant magnetoresistance in magnetic materials [34] , which can be tuned to unity for determined ranges of µ F . More importantly, we find that the perfect spin valve effect is preserved for large lengths of the N region and shows strong robustness with respect to increasing the chemical potential µ N with the local gate voltage. In addition, we compute the equilibrium magnetic torque exerted on the magnetic order parameter of the right F region along the z and y directions and demonstrate the penetration of the torque into the F region. We show that the sign change of the torque can be realized by means of the gate voltage in the N region and tuning the exchange field of the F region, in addition to its magnitude changes.
This paper is organized as follows. In Sec. II, we introduce the model and establish the theoretical framework which is used to calculate the transmission probabilities, charge conductance, spin-current density, and the spintransfer torque. In Sec. III, we present and describe our numerical results for the proposed phosphorene-based F/N/F structure. Finally, our conclusions are summarized in Sec. IV.
II. MODEL AND BASIC EQUATIONS
Let us consider a wide monolayer phosphorene F/N/F hybrid structure in the x − y plane, where the N region of length L couples two F regions with the magnetization vectors m 1 = m(cos φ 1 , sin φ 1 ) and m 2 = m(cos φ 2 , sin φ 2 ), as sketched in Fig. 1 . The interface between the N and F regions are located at x = 0 and x = L. It is assumed that the ferromagnetism can be induced by means of the proximity effect when it is placed with a magnetic insulator. Such an F region in graphene can be produced by using an insulating ferromagnetic substrate, or by adding F metals or magnetic impurities on top of the graphene sheet [47] [48] [49] [50] [51] [52] [53] . The direction of the magnetization vector can be controlled by externally applied magnetic field.
The system is translationally invariant along the y direction and thus the y-component of the wave vector k y does not change and is conserved. The effective lowenergy Hamiltonian of a quasiparticle in a monolayer phosphorene, in the presence of a magnetization vector m in the F region, has the form
which acts on a four-component spinor
The indices c, v respectively label the conduction and valence bands, and σ,σ (σ = −σ) denote the two spin subbands. The two sets of Pauli matrices,σ andτ 0 , act on the real spin and the conduction and valence band pseudospin degrees of freedom, correspondingly, and µ F is the chemical potential of the F region. The two-dimensional k · p model Hamiltonian H 0 in the subspace of the conduction and valence bands can be described by
where the energies of the conduction and valence band edges, E c = −0.3797 eV and E v = −1.2912 eV, and the coefficients η c = 0.008187, η v = 0.038068, ν c = 0.030726, ν v = 0.004849 in units of eV nm 2 , and γ = 0.48 in units of eV nm, are obtained from the first-principles simulations based on the density-functional theory (DFT) [54, 55] .
Figure 2(a) shows the anisotropic band energy dispersion of the monolayer phosphorene along the Y − Γ − X direction in the Brillouin zone, where the zero-point energy is shifted to the middle of the band gap. The isofrequency contour surface in the k space of the n-(p-) doped monolayer phosphorene demonstrates the elliptic shape of the Fermi surfaces especially at low charge densities, as seen in Figs. 2(b) and 2(c). The black lines correspond to the N phosphorene, while the red (blue) line corresponds to the σ (σ) band of the F phosphorene.
Since it is not easy to control the angle of incident charge carriers, we usually compute the conductance by integrating over the possible angles of incidence. To evaluate the charge conductance of the proposed structure at zero temperature, we use the Landauer formula [56]
where
describes the transmission probability of an incoming electron from the σ i band of the left F region with an energy E to the σ j band of the right F region, g 0 = e 2 /h is the quantum of the conductance, and
1/2 . We calculate the transmission amplitudes of the incoming σ-band electron t σσ and t σσ , by matching the wave functions of the three regions of the left F, N region, and the right F region (signed by 1, 2, and 3 respectively) at the two interfaces. The total wave functions in the three regions are as follows:
where,
and
They are, respectively, the solutions of Eq. (1) for incoming and outgoing electrons of the F i region with m i = m(cos φ i , sin φ i ) and the N region (with m = 0) at given energies ε 
Here,
, τ = ±1 denotes the conduction (valence) band, σ andσ (σ = −σ = −1) refer to the two spin subbands, and
) indicates the angle of propagation of the electron. Also, the two propagation directions along the x axis are denoted by ± in Ψ
. Note again that m = 0 in the N region. The propagating electron in the N(F i ) region with the velocity
has the longitudinal wave vector k
The other parameters in Eqs. (7), (8) , and (9) are defined by
Finally, from the obtained expressions of the transmission amplitudes t σσ and t σσ (see the Appendix), we define the spin-current density as [57] 
, and the superscript l denotes the direction of the spin Pauli matrices. From now on, since we consider only incoming and outgoing quasiparticles from the conduction bands of the F region, we thus simplify χ
The components of the spin-current density are obtained as follows:
It is worthwhile mentioning that the anisotropic feature of the band structure appears in the aforementioned equations. Finally, having calculated the above-found expressions of J lx S , we can compute the l component of the spin-transfer torque, exerted on the magnetization vector of the right F region, using the following formula,
The resulting spin-transfer torque and also the charge conductance of the F/N/F junction will be discussed in the next section.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present our numerical results obtained using the numerical transmission amplitudes, and Eqs. (3), (13) , and (17) . All of the energies µ F , µ N , and m are in units of eV. We scale the length of the N region L, in units of the lattice constant in the x (armchair) direction a x = 4.63Å. Note that the chemical potential is considered the same for the both F regions.
A. Transmission probability
First, we evaluate the transmission probability of the electron from the σ (σ) band of the left F region propagating with the energy equal to the chemical potential µ F to the σ (σ) band of the right F region in the proposed F/N/F structure with different alignments of magnetization vectors. Due to the translational invariance along the y direction, the y-component of the wave vector k y is conserved. Therefore, there will be critical angles of incidence for different transmission processes above which certain types of transmissions are forbidden. Figure 3 presents the behavior of the transmission probabilities in terms of the angle of incidence θ F1 for the parallel (P) and antiparallel (AP) configuration of magnetization, respectively, in the left and right panels. We set the chemical potential of the n-type F and n-(p-)type doped N regions µ F = 0.54 eV and µ N = ±0.65 eV, respectively, and the exchange field m = 0.03 eV. Since the exchange field is finite, the strength of the barrier potential is different for incoming electrons from different spin subbands [see Fig. 2(a) ]. In the P configuration, the transmission probability T σσ (T σσ = |t σσ | 2 ) is less than the Tσσ and monotonically decreases with θ F1 for a small length of the N region (L/a x ), while a peak structure with unit transmission appears for Tσσ [see Fig. 3(a) ]. Increasing the L/a x value leads to the appearance of a peak structure for T σσ together with additional peaks with unit amplitudes for Tσσ. The unity is attained in prerequisite condition when k N x L = nπ, where n is an integer value [37] . In the AP configuration, the transmission probabilities of both the σ andσ band electrons have decreasing behavior with θ F1 , and peak structures with T σσ(σσ) < 1 appear with the increase of the contact length [see Fig. 3(b) ]. Note that there is a critical angle of incidence defined as θσ σ c = arcsin(k σ /k σ ) for the incoming electron from theσ band above which the corresponding wave becomes evanescent and does not contribute to any transport of charge. We find (not show) that decreasing the value of the exchange field m leads to the enhancement of the transmission probabilities T σ,σ and Tσ ,σ , and appearance of the peak structure with perfect transmissions. We mention that the transmission probabilities between different spin subbands (T σ,σ , Tσ ,σ ) in the P configuration and also between equal spin subbands (T σ,σ , Tσ ,σ ) in the AP configuration are equal to zero.
Furthermore, the effect of a local gate voltage in the N region of the proposed structure on the transmission probabilities is shown in the bottom panel of Fig. 3 for the P [Fig. 3(c) ] and AP [ Fig. 3(d) ] configurations. It is seen that increasing the L/a x value leads to the perfect transmission, where k N x L = nπ is satisfied, at defined angles of incidence and attenuation of the transmission at other traveling modes, in the corresponding structure with p-doped N region.
B. Charge conductance
Now, we proceed to investigate the charge conductance of the proposed F/N/F structure at zero temperature. We consider two cases for the chemical potential of the F [58] . Interestingly, the charge conductance can be very small (∼ zero) away from the AP configuration of magnetization (φ 1 = ±π) depending on the value of µ N , when µ F = 0.44 eV [see Fig. 4(a) ], while in the case of µ F = 0.54 eV, it is seen from Fig. 4(b) that the charge conductance is finite even at the AP configuration. The corresponding results for the case of the p-doped N region are plotted in the bottom panel of Fig. 4 eV, the charge conductance is finite for small ranges of µ N . For these values of µ N , interestingly it is seen that the charge conductance can be reduced at the P configuration and enhanced near the AP configuration. Importantly, we find that the charge conductance of the case µ F = 0.54 eV is finite for small ranges of µ N in contrast to the corresponding n-doped structure, where the charge conductance can not be suppressed for AP configuration. These results reflect the anisotropic behavior of the quasiparticles in the conduction and valance bands of the monolayer phosphorene.
With the above-found behavior of the charge conductance, we evaluate the magnetoresistance of the proposed spin valve structure defined as the relative difference of the charge conductance in the two P and AP configurations, M R = (G P − G AP )/G P . The behavior of the resulting MR in terms of µ N and the length of the N region are presented respectively in Figs. 5(a) and 5(b), for different values of µ F . We observe that the spin valve effect can be perfect (with M R = 1) for the case of µ F = 0.44 eV (µ F < E σ,τ BE ). This perfect switching is robust with respect to an increase of the chemical potential of the N region. Increasing µ F leads to the oscillatory behavior of the MR with respect to µ N , such that the period and amplitude of the oscillations differ for the two cases of n-type and p-type doped N regions. The amplitude of the MR decreases with increasing µ F and tends to zero for the highly doped F region. Note that the existence of a band gap in the dispersion of the monolayer phosphorene causes a gap in MR for E σ,τ
BE defines the energy of the valance-band edge for the spin σ band). Moreover, it is shown in Fig. 5(b) that the perfect spin valve effect is preserved for large lengths of the N region, when µ F = 0.44 eV. This is similar to the behavior of the pseudo-magnetoresistance in the monolayer-graphene-based pseudospin valve structure [59, 60] . For µ F > E σ,τ BE , MR shows an oscillatory behavior with respect to the L/a x value with the amplitude which decreases with µ F and goes to zero for high values of µ F . The oscillatory behavior of the MR with respect to the chemical potential µ N and the length L can be explained in the context of the Fabry-Pérot oscillations [58] , too.
C. Spin-transfer torque
Finally, we evaluate the behavior of the spin-transfer torque exerted on the magnetic order parameter of the right F region in the proposed F/N/F structure. Threelayer structures consisting of two magnetic layers separated by a conducting nonmagnetic spacer layer are wellknown systems that exploit spin-transfer torque effects. When applying a charge current perpendicular to the layers, one of the magnetic layers, referred to as the pinned layer, acts as a spin polarizer. When the spin-polarized electrons reach the second layer, referred to as the free layer, they accumulate at the interface and thereby exert a torque onto the free layer. Figure 6 presents the dependence of the spin-transfer torques τ y ST T and τ z ST T (in units of W/4π) on the distancex (x = x − L) from the N/F interface for different values of φ 1 . We fix φ 2 = 0, so that the component of the torque parallel to the magnetization of the right F region, τ x ST T , is zero. As seen, the total magnetic torque is not absorbed at the N/F interface and penetrates into the right F region. The torque components exhibit especially damped oscillatory behavior and their amplitudes diminish with decreasing φ 1 . It is seen from Eqs. (14) , (15), (16) , and (17) that the torque components possess the terms proportional to e i(k based [44] spin valve structures, where the vast majority of the torque is absorbed in the interface region.
The top panel of Fig. 7 shows the behavior of the torque components absorbed at the N/F interface (x = 0) in terms of µ N and φ 1 , when the magnetization orientation of the right F region is fixed to φ 2 = 0. The spintransfer torque is seen to be an odd function of φ 1 and oscillates with µ N . The sign and magnitude of τ 
IV. CONCLUSION
In conclusion, we have investigated the magnetotransport characteristics of a monolayer phosphorene ferromagnetic/normal/ferromagnetic (F/N/F) junction with noncollinear magnetization. We have found that the transmission probabilities of the incoming electrons from the spin σ andσ bands of the F region have different behavior by increasing the angle of incidence to the F/N/F structure with parallel (P) alignment of magnetization vectors, when the length of the N region L is small. The transmission probability has a monotonically decreasing behavior with the incidence angle for an incoming σ-band electron, while a peak structure appears for an incident σ-band electron. Increasing the contact length L leads to the appearance of a peak structure with unit transmission for the incoming σ-band electron and the enhancement of the peak number in the transmission probability of the incomingσ-band electron, while the transmission probabilities T σσ and Tσ σ , of both the incoming σ-andσ-band electrons to the proposed structure with antiparallel (AP) alignment of magnetization have decreasing behavior with respect to the angle of incidence for small contact lengths and peak structures with the amplitudes T σσ(σσ) < 1 for larger lengths L. Also, applying a local gate voltage to the N region with large length L amplifies the transmission probability at defined angles of incidence and attenuates it at other traveling modes in the corresponding F/N/F structure with the p-doped N region.
Moreover, we have shown that the charge conductance of the proposed structure can be changed significantly by tuning the chemical potential of the N region µ N , and the relative orientation of the magnetization directions in the two F regions. Interestingly, the charge conductance of the n-type doped F/N/F structure can be almost zero away from the AP configuration of magnetization, for determining ranges of the chemical potential of the F region µ F . More importantly, it attains a minimum at the P configuration and a maximum near the AP configuration in the corresponding structure with p-type doped N region. We have further demonstrated that the proposed structure exhibits a relative difference of the electrical resistance in the P and AP alignments of magnetization, which can be tuned to unity for defined values of µ F . This perfect spin valve effect is more robust with respect to an increase of µ N and is preserved even for large lengths of the N region. Furthermore, we have evaluated the equilibrium spin-transfer torque, which can be used to derive domain-wall motion in ferromagnetic materials, acting on the magnetization of the right F region. We have found that the total torque is not absorbed in the interface region, and both the magnitude and sign of the torque components can be controlled by tuning µ N and the exchange field of the F region.
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VI. APPENDIX: SPIN-DEPENDENT TRANSMISSION AMPLITUDES
As said before, we calculate the transmission amplitudes t σσ and t σσ by matching the wave functions of the three regions of the left F region, the N region, and the right F region at the two interfaces, namely x = 0 and x = L. Those amplitudes read as
with
Finally, the spin-dependent transmission probabilities are obtained from the above relations as follows:
We mention that the transmission probabilities of the incoming spinσ-band electron, Tσσ (σ) = tσσ (σ) 2 , can be obtained from the above formulas by replacing σ with σ, and vice versa.
